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METHOB AMD SYSTEM FOR USE IN 
OPTICAL CODE DIVISION MULTIPLE ACCESS 



FIELD OF THE INVENTION 

This invention is generally in the field of optical communications and 
relates to an optical method and system for code division multiple access 
(CDMA), as well as to a source for broadband down converted light suitable to 
5 be used in CDMA. 
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BACKGROUND OF THE INVENTION 

Code Division Multiple Access (CDMA) is a well-known scheme for 
multiplexing communication channels that is based on the method of direct 
sequence spread spectrum [1], CDMA is often incorporated into electronic 
5 communication networks, especially in cellular communication, and is considered 
to be superior to other traditional multiplexing schemes, such as Time Division 
Multiple Access (TDMA) wherein the entire bandwidth is available to a channel for 
a short slice of time and Frequency Division Multiple Access (FDMA) wherein 
only a part of the bandwidth is available to a channel all the time. 

10 In CDMA, the entire bandwidth is available to all channels all the time. 

Each channel has a unique key that identifies it, thereby enabling an information 
receiver to discriminate between the channels. Such a key is a pseudo-noise 
sequence with a bandwidth that is much larger than that of the input data. In 
electronic communications, the key sequence is known in advance at both the 

15 transmitter and the receiver sides. 

Figs. 1A-1C schematically illustrate the CDMA operation principle. Fig. 1 A 
shows a CDMA transmitter scheme: a transmitter multiplies an input data signal by 
a key sequence, thus spreading the spectrum of the input data signal and causing it 
to appear as noise in itself. Fig. IB shows a CDMA receiver scheme: to extract the 

20 data "out of the noise", the received output is multiplied by the conjugate key 
sequence (the key itself if the key sequence is real). Fig. 1C shows the CDMA 
spectral characteristic. It is clear that if the receiver key is not the correct one, or if 
it is not well synchronized with the transmitter, the multiplication by the conjugate 
key sequence does not reveal the data and only yields a broadband noise-like result. 

25 Thus, many channels can be multiplexed over the same bandwidth by using 

a different key for each channel. The effect of all other channels on a given channel 
is reflected only in the noise level at the receiver. Hence, keys with good auto- 
correlation and cross-correlation properties are to be used in order to minimize the 
noise level. Ideally, the key should imitate the correlation properties of band-limited 

30 white noise and should be as long as possible. 
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CDMA has several advantages over conventional methods. First, CDMA is 
well adapted to dynamic changes of the number of simultaneously operating 
channels. Specifically, when one channel becomes inactive, the other channels 
benefit from the fact that the noise level is reduced. Thus, an allocated channel in 

5 CDMA that is not transmitting at a given time, automatically fct frees its space" to 
other channels that need the bandwidth at that time. Second, CDMA is inherently 
flexible to dynamic changes in the bit rate and the quality of service (signal to noise 
ratio) of any channel without affecting the total amount of data transmitted by all 
the channels. This is due to the fact that in CDMA, the resource allocated per 

10 channel is power (as opposed to time or bandwidth in other methods). Hence, if a 
channel is allowed to transmit more power, it can either improve the quality of 
service or increase the bit rate of that channel. Consequently, this shared resource 
(power) can be dynamically allocated between the channels, and any channel can 
dynamically trade bit rate for quality of service and vice versa at a given power. 

15 Third, in CDMA, all channels are equivalent, so the quality of service is that of the 
average channel, while in other methods, the quality of service is dictated by the 
worse channel. 

In optical communication, the available optical bandwidth is much larger 
than what can be supported by current electronic modulators. Thus, in order to 

20 utilize efficiently the available bandwidth, optical multiplexing of several electronic 
channels is required. The CDMA approach is thus most attractive for this purpose, 
and attempts have been made to incorporate optical CDMA into optical 
communication networks [14-20]. Various solutions for the optical CDMA schemes 
have also been disclosed in the following patent publications: US 4,866,699, US 

25 5,177,768, US 5,867,290, US 6,236,483, US 2002/0163696; WO 00/29887; US 
5,784,506; US 6,025,944. 

The major problem for obtaining optical CDMA is that of generating the 
pseudo-noise key. Since the key should be much broader in bandwidth than the 
data, and since the data bandwidth in optical communication is already close to the 

30 limit that electronic modulators can support, it is impossible to generate the key 
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electronically and it is necessary to generate the key optically. The many attempts to 
solve this problem can be divided to two categories - a coherent approach and an 
incoherent approach- The coherent approach [14-16] starts from a broadband 
coherent source, i.e. a mode locked laser that emits transform-limited pulses, where 
5 the phase of all frequencies is known to be zero. The key for each channel is then 
generated by actively shaping the phases of the different frequencies in a unique 
manner through some kind of a pulse-shaping device, which deforms the pulse to 
mimic a pseudo-noise burst. At the receiver system, a shaper performs the inverse 
shaping to recreate the original transform limited pulse, which is then detected. 
10 This approach suffers from sensitivity to dispersion and to non-linear effects in the 
fiber, and more important, from the fact that a lot of the flexibility of CDMA is lost 
due to the limitations imposed by active pulse shaping (e.g., the total number of 
channels is limited by the number of pixels of the pulse shaper and the lowest 
effective bit rate per channel is limited by the spectral resolution of the shaper). 
15 The incoherent approach (with its many versions) [15, 17-20] involves an 

incoherent broadband source. Although such a source emits "true noise", the phase 
of the emitted field is not known, so only intensity manipulations are possible. This 
makes the incoherent approach robust in the sense that it is relatively immu ne to 
phase changes due to propagation effects. However, since the incoherent approach 
20 is inherently unipolar, the cross correlation of different keys cannot average out to 
zero. Thus, the existence of many channels contributes not only noise, but also 
background DC intensity, which causes the signal to noise ratio and the 
performance to deteriorate severely [15-20]. For this reason, the capacity of 
incoherent CDMA systems is inherently and significantly lower than that of 
25 coherent systems ( ->/N channels compared to N channels in the coherent approach). 

The known CDMA techniques utilize complicated algorithms to pre-design 
practical keys that approximate the characteristics of the desired ideal white-noise 
key. These approximations are usually constrained by other design considerations, 
for example, the tradeoff between key length and design simplicity, yielding a non- 
30 optimal result 



WO 2004/092776 



PCT/IL2004/000328 



-6- 

SUMMARY OF THE INVENTION 

There is a need in the art to facilitate optical CDMA by providing a novel 
key generation method and system, and multiplexer/demultiplexer systems utilizing 
the same. 

5 The present invention provides a complete scheme for optical CDMA, 

including an optical method for the generation of a CDMA key and its conjugate, 
and for multiplexing / demultiplexing of data channels. 

According to the technique of the present invention, an ideal CDMA key 
and its conjugate are generated automatically via the physical process of down 

10 conversion consisting of generating two broadband fields that are complex 
conjugates of each other. Such a process may for example be parametric down 
conversion, namely, pumping a non-linear optical medium to emit two broadband 
output light fields - signal and idler, that are complex conjugates of each other. 

The term "down conversion" used herein signifies any physical process 

15 involving the emission of two broadband light fields called "signal field" and 
"idler field" that are complex conjugates of each other. This is a known process in 
which a pair of correlated photons is produced, such that the sum of their energies 
is well defined, although the energy of each photon is undefined. Examples of such 
a physical process include two photon emission, and parametric non-linear 

20 interactions, such as three waves mixing (parametric down conversion), four waves 
mixing, etc. A medium capable of carrying out the down conversion process serves 
as a source for generating simultaneously both a broadband noise and its complex 
conjugate that can be used later as the CDMA key and its conjugate. Accordingly, 
the term "up conversion" used herein signifies a physical process of a kind inverse 

25 to the down conversion process as herein defined, e.g., two photon absorption, 
parametric up conversion or higher order parametric non-linear interactions. 

Thus, the present invention provides a novel approach for optical direct 
sequence spread spectrum communication, based on the complementary processes 
of broadband parametric down conversion and up-conversion. With parametric 

30 down conversion a narrowband CW (Continuous Wave) optical field is transformed 
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into two CW broadband white noise fields that are complex conjugates of each 
other. These noise fields are exploited as the key and conjugate key in optical direct 
sequence spread spectrum communication. The inverse process of parametric up- 
conversion is then used for multiplying die key by the conjugate key at a receiver 

5 side, in order to extract the transmitted data. According to this technique, an ideal 
white noise key is automatically generated, leading to high capacity versatile 
CDMA configurations. Both the broadband white noise and its complex conjugate 
are generated simultaneously. It should be understood that for CDMA it is not 
necessary that the key be previously known. Indeed, as long as both the key and the 

10 conjugate key are generated together, one can transmit the conjugate key along with 
the data to the receiver (at the cost of half the bandwidth). Then, the process of 
parametric up-conversion (also known as sum frequency generation) is exploited to 
optically multiply the key and its conjugate key at the receiver. 

The parametric down conversion and parametric up conversion processes 

15 were widely investigated over the last 35 years and many devices based on these 
processes were developed, such as optical parametric oscillators (OPO) and optical 
parametric amplifiers (OPA). Theoretical treatment of these processes was given in 
both the classical and quantum mechanical frameworks [2-12]. The signal and idler 
frequencies produced by a non-linear medium (usually a crystal) are those that are 

20 phase matched to the pump (the phase velocity of the signal-idler pair is equal to 
the phase velocity of the pump). The phase matching situation in a crystal can be 
controlled by tuning the propagation direction of light in the medium or by tuning 
the temperature of the crystal, thus controlling the emitted signal and idler 
frequencies. In situations when a broad bandwidth of signal-idler frequency pairs is 

25 phase matched to the pump, then the down conversion process can produce 
broadband signal and idler. Since the non-linear interaction of parametric down 
conversion can be stimulated, a non-linear medium that is pumped by the pump 
light will perform as an amplifier for both its signal and its idler output frequencies. 
The present invention takes advantage of the special phase and amplitude 

30 relations between the optical fields that participate in the process of parametric 
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down conversion [2] for optical generation of the CDMA key and its conjugate. 
The down converted light is composed of broadband CW white-noise signal and 
idler that are complex, conjugates of each other, which is the required condition for 
the generation of a CDMA key. The inverse process of parametric up conversion 

5 (also known as sum frequency generation) can thus be used for optically 
multiplying the key and its conjugate at the receiver side. 

A CDMA transmitter within the scheme of the present invention thus utilizes 
a source of two broadband fields that are complex conjugates. Accordingly, all that 
is required for a CDMA receiver in the present scheme is an inverse physical 

10 process (e.g., two photon absorption or higher order parametric non-linear 
interactions), Moreover, it is not necessary that the process used for transmitting 
and receiving be the same. It is plausible that the transmitter will be based on two 
photon emission and the receiver on parametric up conversion. 

The optical CDMA scheme of the present invention presents some kind of a 

15 hybrid between the coherent and incoherent approaches that alleviates some 
limitations of both. The scheme of the present invention utilizes a coherent 
approach in the sense that it relies on the coherent phase relation between the signal 
and idler components (the key and its conjugate), so that the capacity is comparable 
to that of the coherent approach. On the other hand, the key is a true white noise 

20 that is passively generated, minimizing non-linear effects and preserving the full 
flexibility of CDMA. 

According to one broad aspect of the present invention, a method is 
provided for automatically generating a key and a conjugate key to be used in an 
optical code division multiple access system. The method comprises applying a 

25 down conversion process to pump input light to thereby produce the broadband . 
down converted signal and idler fields that are complex conjugates of each other, 
said signal and idler fields serving as the key and its conjugate. 

The down conversion process consists of passing the pump light through a 
non-linear optical medium, either with or without a cavity for the down converted 

30 light, thus generating the down converted light fields (signal and idler). 
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Generally, any suitable non-linear medium (typically a crystal) may be used 
as a source of such a key and its conjugate. In order to make this process more 
effective, a singly- or doubly-resonant cavity can be used, formed by a non-linear 
optical medium between two mirrors (Optical Parametric Oscillator). Preferably, a 
5 novel OPO configuration developed by the inventors is used, wherein means are 
provided within the cavity for suppressing mode competition in the cavity in order 
to provide broad bandwidth signal and idler fields. 

According to another aspect of the invention, a method is provided for use 
in an optical code division multiple access (CDMA) system, the method 
10 comprising: applying a down conversion process to a light channel that is to be 
used for carrying data from a data transmitting system to a data receiving system, 
said down conversion of the light channel automatically producing broadband 
signal and idler light fields that are complex conjugates of each other and therefore 
serve as a key and its conjugate, thereby enabling data modulation of at least one of 
15 the signal and idler fields and processing them together by applying an up 
conversion process to thereby extract the data. 

The down conversion process aimed at producing the signal and idler fields 
of the channel may be carried out in a data transmitting system, where one of these 
fields is then modulated with respective data. Alternatively, the down conversion 
20 process is carried out in a data receiving system, and one of the signal and idler 
fields is transmitted to a data transmitting system to undergo data modulation. 

According to yet another aspect of the present invention, there is provided a 
method for use in an optical code division multiple access (CDMA) system, the 
method comprising at least one of the following: 
25 - applying a down conversion process to a light channel that is to be used for 
carrying data from a data transmitting system to a data receiving system, 
said down conversion of the light channel automatically producing 
broadband signal and idler light fields that are complex conjugates of each 
other and therefore serve as a key and its conjugate, thereby enabling 
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modulation of at least one of the signal and idler fields with said data and 
processing the signal and idler fields together to extract the data; and 
applying an up conversion process to data-carrying light, containing down 
conversion signal and idler fields presenting an optical channel, thereby 
5 restoring light indicative of the data channel in a data receiving system* 

According to yet another aspect of the invention, a method is provided for 

producing an optical channel in an optical code division multiple access (CDMA) 

system. The method comprises: 

(i) applying a down conversion process to input light, to be used for carrying 
10 data from a data transmitting system to a data receiving system, said down 

conversion process producing down converted signal and idler light fields 
that are complex conjugates of each other and therefore present a key and its 
conjugate; 

(ii) uniquely affecting a spectral phase of at least one of the signal and idler 
15 fields to thereby define a unique phase relation between the signal and idler 

fields, thereby enabling extraction of data by utilizing an up conversion 
process. 

This phase effect or phase manipulation can be a simple relative delay or 
material dispersion or a general spectral phase filtering applied to the signal and/or 

20 idler field by use of pulse shaping techniques. Considering the down conversion 
process at the receiver side, the transmitted one of the fields is uniquely phase 
effected due to a predefined distance between the data receiving and data 
transmitting systems. The other field undergoes such a unique phase affecting at the 
receiving system (using an inverse phase effect value), and the two fields (the data 

25 modulated field returned from the data transmitting system and the other field 
phase affected at the data receiving system) then undergo up conversion. 

Either one of the signal and idler fields, or both of them, can be modulated 
in accordance with data to be carried by the optical channel. The modulation can be 
applied to the respective field either prior to or after said field is phase-affected. 
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In order to decode the channel at the receiver side, a spectral phase effect 
(manipulation) is applied to at least one of the signal and idler fields to thereby 
restore the phase relation and enable the up conversion process. Generally, this 
spectral phase effect is inverse to the effect applied while coding the light channel. 
For example, if a relative delay is applied to one of the signal and idler fields while 
coding the light channel, the decoding utilizes an inverse delay applied to the other 
field. The resulting up converted light is then detected in order to retrieve the data. 

According to yet another aspect of the invention, a method is provided of 
multiplexing optical channels comprising: 

- producing N optical channels, N>1, the optical channel being represented by 
a pair of down converted signal and idler light fields that are complex 
conjugates of each other and present a key and its conjugate, thereby 
enabling modulation of the optical channel in accordance with 
corresponding data to be carried by said optical channel; 
applying to at least one of the signal and idler fields of the same channel a 
unique phase effect value to thereby define a unique phase relation between 
the signal and idler fields for the channel, thereby enabling demultiplexing 
of light in a data receiving system to extract a specific channel by utilizing 
the respective unique phase effect and an up conversion process. 
If delay is the chosen phase manipulation, then the difference between the 
unique delay values associated with different channels is to be longer than the 
correlation time of the broadband signal and idler components. 

The N optical channels may be produced such that they all share the same 
pair of signal and idler fields, e.g. by splitting the output of a single source to N 
channels, or by seeding N sources by one noise source, thus causing all to generate 
the same signal and idler light fields. Alternatively, the N optical channels may be 
produced such that each channel has its own set of signal and idler light fields, e.g. 
by pumping N uncorrected sources to thereby produce N pairs of the signal and 
idler light components, respectively. Depending on the phase matching type of the 
source(s) (collinear or non-collinear), the system may and may not comprise a 



WO 2004/092776 



PCT/IL2004/000328 



-12- 

frequency filter for spatially separating between the down converted signal and 
idler fields. Data modulation is applied to either one of the signal and idler fields of 
each channel, or both of them. 

The demultiplexing of received light for extracting therefrom a specific 

5 channel comprises: affecting a phase of at least one of the signal and idler fields in 
the received light to restore a phase relation between the signal and idler 
components of said specific channel; applying the up conversion process to the 
resulting signal and idler fields, to thereby enable extraction of said specific 
channel (by using an appropriate frequency filter, if necessary); and optionally, 

10 further affecting a phase of at least one of the signal and idler fields in order to 
leave the situation unchanged for following receivers. 

As indicated above, since the efficiency of down conversion in one pass 
through a non-linear medium is generally very low, it is preferable to perform this 
process inside a resonant cavity (OPO) in order to achieve high conversion 

15 efficiencies at low thresholds. This cavity can be either singly or doubly resonant 
(i.e., resonates only one or both of the down converted fields). Yet, when a resonant 
cavity is used, mode competition will narrow the bandwidth dramatically, while for 
the purposes of the present invention, namely, an optical CDMA scheme, as high as 
possible bandwidth of signal-idler pairs should preferably be provided. The present 

20 invention solves this problem by adding into the cavity the ability to control the 
effect of up conversion (which serves as a loss mechanism inside the cavity), in 
order to thereby suppress mode competition and provide the broadband down 
converted light components with high efficiency and low threshold. This mode 
competition suppression is achieved via control over the up conversion loss in an 

25 up conversion medium in the cavity. The up conversion loss in the cavity is 
controlled by shaping the spectral phases of the down converted light components, 
e.g., by introducing a relative delay or material dispersion between the down 
converted signal and idler fields, such that the up conversion loss in the cavity is 
reduced, and restoring the phase relation of the signal and idler fields such that the 

30 down conversion is not affected. If the cavity is a singly resonant cavity, the 
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unresonated field should also be passed through the up conversion medium in the 
cavity in order to enable this control. 

The above can be implemented by using a cavity with either one non-linear 
medium in a linear cavity configuration or two non-linear media in a ring or linear 
5 cavity configuration, and a phase shaper assembly. When a single non-linear 
medium is used, the phase shaper assembly is formed by two phase shaper units 
accommodated upstream and downstream of said medium, thus controlling the up 
conversion loss occurring in the medium when the down converted light 
components are propagating backwards (with respect to the pump). When two non- 
10 linear media are used, the first non-linear medium is pumped to generate down 
conversion, and two phase shaper units at opposite input/output sides of the second 
unpumped medium are used to control the up conversion loss in the second 
medium. It should be understood that if the singly-resonant cavity is used, the non- 
resonated field should also be directed into the up-conversion medium. 
15 Preferably, when a doubly resonant cavity is used, a mechanism for actively 

changing the optical length of the cavity is used in order to lock the frequency of 
the input pump light to a mode of the cavity. The reason for this is that in a doubly 
resonant cavity, both the signal and the idler have a discrete, equi-spaced spectrum 
(longitudinal cavity modes), so the pump frequency, which is just the sum of the all 
20 the signal - idler frequency pairs, must also match to a mode of the cavity. 

Thus, according to yet another aspect of the present invention, there is 
provided a method for producing broadband down converted light fields, the 
method comprising producing down converted signal and idler fields that are 
complex conjugate of each other by passing input light through a resonant non- 
25 linear optical arrangement, and affecting phases of down converted light fields 
while propagating through said arrangement to reduce an effect of up conversion 
for broadband oscillations of said down converted fields thereby suppressing mode 
competition in the cavity. 

According to yet other broad aspects of the present invention, there are 
30 provided a novel source for emitting broadband spectrally correlated light (low 
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threshold, high efficiency configuration of an optical parametric oscillator that can 
be useful for CDMA and other applications); and a doubly resonant non-linear 
optical arrangement; an optical multiplexer system; and an optical demultiplexer 
system. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see how it may be carried out in 
practice, a preferred embodiment will now be described, by way of non-limiting 
example only, with reference to the accompanying drawings, in which: 

Figs- 1A-1C schematically illustrate the general principles of the CDMA 
10 technique, wherein Fig. 1 A shows a CDMA transmitter scheme; Fig. IB shows a 
CDMA receiver scheme; and Fig. 1C shows the CDMA spectral characteristic; 

Figs. 2A and 2B illustrate the main principles underlying the optical CDMA 
key generation scheme according to one example of the present invention, wherein 
Fig, 2A shows the CDMA key generation performed at a transmitter side and Fig. 
15 2B shows the key multiplication performed at a receiver side; 

Figs. 3A and 3B illustrate two examples, respectively, of an optical CDMA 
transmitter system (multiplexer) according to the invention, where the key is 
generated at the data transmitting system; 

Fig. 3C illustrates an optical CDMA channel receiver system 
20 (demultiplexer) according to the invention; 

Fig. 3D illustrates the main principles underlying the optical CDMA key 
generation scheme according to another example of the present invention, where 
the key is generated at the data receiving system 

Fig. 3E illustrates optical CDMA transmitter and receiver systems utilizing 
25 the principles of the example of Fig. 3D; 

Fig. 3F graphically illustrates calculated bit error rate (BER) as a function of 
the number of simultaneously transmitting CDMA channels for ON-OFF keying 
modulation (OOK) with incoherent detection and phase-shift keying (PSK) with 
coherent detection; 
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Fig. 4A illustrates the signal/idler phase mismatch as a function of 
wavelength near the degeneracy point for a periodically polled KTP crystal pumped 
at 532nm; 

Fig. 4B illustrates the signal/idler phase mismatch as a function of 
5 wavelength around the degeneracy point, for the zero dispersion ultra broadband 
case, for a BBO crystal pumped at 728nm; 

Figs. 5A and SB illustrate Feynnman diagrams describing three waves 
mixing and four waves mixing processes, respectively, that can be used in the 
optical CDMA scheme as the mechanism for generating two broadband conjugate 
io fields; 

Figs. 6A and 6B schematically illustrate two examples of a linear cavity 
doubly resonant OPO source with collinear phase matching, that are suitable to be 
used in an optical CDMA scheme according to the present invention; 

Figs. 7A schematically illustrate an example of a linear cavity doubly 
15 resonant OPO source with non-collinear phase matching; 

Fig. 7B and 7C illustrates examples of ring cavity doubly resonant OPO 
sources with collinear phase matching: Fig 7B illustrates implementation in free 
space and Fig. 7C illustrates implementation within a fiber; 

Figs. 7D and 7E schematically illustrate examples of a linear cavity singly 
20 resonant OPO source according to the invention; 

Fig. 8 more specifically exemplifies the layout of a collinear, doubly 
resonant OPO cavity configuration according to the invention, utilizing dispersion 
as the mechanism for controlling the phase relations inside the cavity; 

Fig. 9 illustrates calculated conversion efficiency as a function of N=Ip/Ith (I p 
25 being the actual pump intensity and I th being the threshold pump intensity) for a 
very narrow oscillation, an ideal broadband oscillation, and a practical broadband 
oscillation; and 

Figs. 10A and 10B illustrate the threshold pump intensity (I th ) as a function 
of signal wavelength, for two cases of broad phase matching, respectively, i.e., for a 
30 1cm long PPKTP crystal with 2% loss in the cavity pumped by 532nm in a broad 
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phase matching configuration, and for a 1.4cm long BBO crystal with 1% loss in 
the cavity pumped by 728nm in a zero dispersion ultra broad phase matching 
configuration. 

DETAILED DESCRIPTION OF THE INVENTION 

5 An entire CDMA scheme typically consists of the key generation, and 

multiplexing/demultiplexing communication channels at the data transmitting and 
data receiving sides. 

Referring to Figs. 2A and 2B, there are schematically illustrated the main 
principles underlying the optical CDMA key generation scheme according to the 

10 invention enabling to generate both an ideal key (broadband noise) and its 
complex conjugate. Fig. 2A shows a process of parametric down conversion that 
is utilized for the CDMA key generation in either a data transmitting system or 
data receiving system, generally at 10. As indicated above, the down conversion 
process used in the CDMA key generation technique according to the invention is 

15 any known physical process consisting of emitting two broadband fields that are 
complex conjugates of each other, in which a pair of correlated photons is 
emitted, such that the sum of their energies is well defined although the energy of 
each photon is undefined (e.g., two photon emission or parametric non-linear 
interactions, such as three-wave mixing (parametric down conversion), four 

20 waves mixing, etc.). Fig. 2B shows the process of parametric up conversion (sum 
frequency generation) that is utilized for the key multiplication performed at a 
data receiver system 11. Generally, a physical process utilized at a receiver 
system of the invention is a process of the kind inverse to the down conversion 
process. It should also be understood that it is not necessary that the process used 

25 for transmitting and receiving be the same. For example, the transmitting may be 
based on two-photon emission, and the receiver - on parametric up conversion. 
Feynmann diagrams of several possible interactions that can be used as the basis 
for the invented CDMA scheme are illustrated in Figs. 5A and 5B. 
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Parametric down conversion (Fig. 2A) is performed when pump light 
Lpump passes through a non-linear optical medium 12 and is thus converted into a 
pair of output fields - a signal field L s and an idler field lLj of frequencies co s and 
cdu respectively. Such a non-linear optical medium may be a suitable crystal. The 
5 non-linear medium may be placed in a resonant cavity that serves to improve the 
down conversion efficiency and lower its threshold, thus forming an optical 
parametric oscillator (OPO). The ordinary OPO conventionally has a structure 
obtained by inserting a nonlinear material (nonlinear crystal, such as periodically 
polled KTP, BBO, LBO, etc.) into an optical resonator composed of two mirrors. 
10 For the purposes of the present invention, such a light source for 

producing two light fields that are complex conjugates of each other is preferably 
configured to emit broadband spectrally correlated down converted light. 
Examples of the source configurations developed by the inventors will be 
described further below with reference to Figs. 6A-6B, 7A-7C, and 8. 
15 In parametric down conversion, the pump energy I pum p is transferred from 

a high frequency field (the pump field with frequency co p and wave vector k p ), via 
the mediation of the non-linear crystal 12, to two lower frequency fields, namely, 
the signal field L s and the idler field Lj (at frequencies co s , a>, and wave vectors 
k„k, respectively). When the non-linear medium is thick, this conversion can 
20 occur only if the phase matching requirements are met: i.e., energy is conserved 
(od p = o 5 +ft>/), and momentum is conserved (k p =k, + k,). In this process, the phase 
of the generated signal field L s with respect to that of the pump L in is undefined, 
but the phase of the generated signal field L s is opposite to that of the 
corresponding idler frequency {co, = co p -co s ), i.e., the amplitudes of the signal and 
25 idler are complex conjugates. Thus, due to the fact that there is no phase relation 
between the different signal (or idler) frequencies, but there is a special phase and 
amplitude relation between the corresponding signal-idler frequencies, the down 
converted light is composed of broadband CW white-noise signal L s and idler Lj 
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light components that are complex conjugates of each other, and therefore present 
a key and its conjugate to be used in the CDMA scheme. 

Having generated the key and its conjugate, either one of them, e.g., the key 
signal Ls, can be externally modulated by specific information. If the down 

5 conversion process (i.e., the creation of key and its conjugate) is carried out in a 
data transmitting system, then both a data modulated field (e.g., key signal L%) and 
the conjugate key (idler Lj) can be sent to the receiver end via an optical network. If 
the down conversion process is carried out in a data receiver system, then only one 
of the down converted fields (e.g., key signal L s ) is sent to a data receiving system 

10 to be modulated with data and returned to the data receiver system. In order to 
enable channel multiplexing/demultiplexing, the key (or the conjugate) is 
specifically encoded. These features will be described further below with reference 
to Figs. 3A-3E. 

As shown in Fig. 2B, in the receiver system 11, the multiplication of 
15 received light by the conjugate key is carried out. This is implemented by 
applying an up conversion process (also known as sum frequency generation) to 
the signal and idler fields L s and L i5 namely by passing the received light through 
a non-linear medium 12. 

The process of parametric up conversion is symmetrically inverse to the 
20 process of parametric down conversion, i.e., consists of energy transfer from two 
input low frequency fields L s and Li to an output field L up -conv of a high 
frequency, which is equal to the sum of the two low frequencies. In this process, 
the phase of the. generated output field L up - C onv at the sum frequency is equal to 
the sum of the phases of the two low frequency fields. Mathematically, this is 
25 equivalent to the statement that the complex field amplitude at the sum frequency 
is proportional to the multiplication of the complex amplitudes at the two low 
frequency fields. 

It should be noted that for a given pump frequency, there may be a broad 
band of signal-idler frequency pairs that fulfill the phase matching requirement, 
30 depending on the specific dispersion characteristics of the non-linear medium and 
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on its thickness. In some configurations, the phase matching bandwidth can reach 
hundreds of nanometers in the near IR for thick crystals of up to several 
centimeters. 

The approach of the present invention for multiplexing CDMA channels 

5 stems from the fact that the coherent phase relation between the signal and the idler 
fields can be controllably and reversibly destroyed by affecting (manipulating) the 
phase relation between the frequencies in a controlled reversible way, for example, 
by use of general pulse shaping techniques, but also by much simpler manners, 
such as the introduction of relative delay or material dispersion between the signal 

10 and the idler fields. The phase relation can be restored just by reverting the 
operation, for example, by the insertion of an opposite delay or inverse dispersion. 
By assigning a unique phase-effect value to one of the signal and idler fields of the 
specific channel, i.e., assigning a unique phase relationship (e.g., relative delay) 
between the signal and idler fields of the specific channel, the data in this channel 

15 can be extracted from other channels arriving at the receiver side. 

Fig. 3A illustrates one example of an optical CDMA multiplexer system 
100A of the present invention. In this example, all channels share the same signal 
and idler fields (key and conjugate), i.e. the channels use the signal-idler pairs, 
respectively, emitted by one source. Alternatively, this can be achieved by coupling 

20 many sources together via seeding of all sources by one broadband noise field. The 
system 100A thus comprises an encoder assembly formed by a source arrangement 
102 and a phase affecting utility 104 (such as a dispersive glass bulk); a data 
modulator utility 106 associated with a control unit (not shown); and an output 
beam coupler 108. It should be noted that the modulator utility 106 can 

25 alternatively be accommodated upstream of the phase affecting utility (with respect 
to the direction of light propagation through the system 100A). The light source 
arrangement 102 includes a non-linear medium, and may be constituted by a single 
non-linear crystal, that may and may not be included in a resonator cavity (OPO). 
Preferably, the source 102 is a novel OPO arrangement developed by the inventors, 

30 as described below. The source 102 is associated with a beam splitting assembly 
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105 accommodated in the optical path of either one of down converted signal and 
idler fields L s and Li — in the path of the signal field 1* in the present example. The 
phase affecting utility 104 is composed of an array of phase-affecting units Dj-Dn, 
each operable to uniquely affect the phase of light passing therethrough, for 
5 example by applying relative delay or material dispersion. In the present example, 
where the idler field components of all the channels propagate all together through 
the system, the phase affecting utility is associated with the signal field 
components. The data modulator utility 106 is composed of an array of modulators 
Mi-M N , each for modulating light passing therethrough in accordance with a 

10 specific information piece to be carried by the respective channel. 

Also provided in the system 100A is a frequency filter 109 accommodated at 
the output of the source 102 upstream of the beam splitter 105. It should be noted 
that the provision of the frequency filter 109 is optional and depends on the 
configuration of the OPO source used. For example, when using a non-collinear 

15 OPO configuration, the output signal and idler fields are spatially separated from 
each other, in which case there is no need for frequency filtering at the output of the 
OPO source. A similar frequency filter 109' is provided at the output of the system 
100A to combine the signal and idler fields prior to being transmitted towards a 
receiver side. 

20 The system 100A operates in the following maimer. The OPO source 102 is 

pumped by input light Ju pump and converts this light into a matching pair of output 
signal and idler fields L s and L id , which are spatially separated (e.g., by the 
frequency filter 109). The beam splitting assembly 105 (such as a mask or cascaded 
semi-transparent mirrors) is accommodated in the optical path of the of the signal 

25 field L s and splits it into a plurality of N spatially separated signal components L (1) s , 
L^s, L^. These signal components L^-Lr^s then pass through relative delay 
units D X -D N , respectively, of the phase affecting utility 104, preprogrammed to 
apply different delay values ti-t n , respectively, to light passing therethrough. The 
so-delayed (encoded) signal components L^-I/^s pass through modulators M r 

30 M N , respectively, of the data modulator utility 106, where they undergo amplitude 
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modulation in accordance with specific information pieces to be carried by each of 
the channels. It should be understood that, generally, the phase affecting is applied 
to either one of the down converted signal and idler fields, and data modulation is 
applied to either one of these fields or both of them. 

5 Thus, in the multiplexer system 100A, every signal field produced by the 

source 102 is modulated and encoded with a unique phase effect value, e.g., unique 
amount of delay between the signal and the idler fields. It should be understood that 
in the present non-limiting example, the simple case of relative delay is used as the 
mechanism for controlled reversible phase manipulation. It is obvious that other 

10 phase manipulation techniques can be utilized equally well (e.g., dispersion or 
general pulse shaping). 

According to the current scheme, the keys for all the channels are uniquely 
delayed versions of a single white-noise key. The minimal delay value required in 
order for these two versions to be un-correlated is of the order of the coherence 

15 time of the signal (or the idler) field x=l/Aco, wherein Aa> is the spectral width of 
the down converted light Thus, this is the minimal difference between unique 
delays associated with different channels. When other phase manipulation 
techniques are used, a similar criterion can be calculated (e.g., for the minim al 
difference between dispersion values required). 

20 All N signal components, after being phase affected and data modulated, are 

joined together by the beam coupler 108, combined with the idler field Li by the 
frequency filter 109', and both directed to an. optical network to be transmitted to 
the receiver end. In the transmitted light, the phase relations are destroyed for all 
the channels, and if one would try to perform frequency up conversion on the 

25 spectrum arriving from the network, no channel will be detected. This is similar to 
a situation of synchronization loss in electronic CDMA, where the receiver 
multiplies by the correct key, but not at the right time. 

Fig. 3B illustrates an optical CDMA multiplexer system 100B according to 
another example of the present invention. In this example, in distinction to the 

30 example of Fig. 3 A, each channel has its own key, i.e., is generated by its own 
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source. To facilitate understanding, the same reference numbers are used for 
identifying those components that are common in the examples of Figs. 3 A and 3B. 
lii the present example, the modulator utility 106 is located upstream of the delay 
utility 104, but it should be understood that, in this respect, the construction can be 

5 similar to that of Fig. 3A. Thus, the system 100B comprises a light source 
arrangement 102, including a plurality of N sources of down converted light 
(preferably, novel broadband OPO arrangements described below) S r S N ; a data 
modulator utility 106 including N modulators M r M N appropriately operated by a 
control unit; a phase affecting (e.g., delay or material dispersion) utility 104 

10 including N phase affecting units - relative delay units Di-D N in the present 
example operating to apply different relative delays x r T N , respectively, to light 
passing therethrough; and a beam coupler 108. Although in the present example the 
phase affecting utility is shown as being associated with the signal field, it should 
be understood that, generally, it is associated with at least one of the signal and idler 

15 fields. In the system configuration of the present example (where both the signal 
and idler fields are spatially separated into multiple channel components), the phase 
affecting utility can be associated with both of the signal and idler fields, provided 
it creates unique phase relation between the signal and idler field components of 
each channel. Optionally provided in the system 100B are frequency filters, 

20 generally at 109, located at the outputs of the sources S r S N and frequency filters 
109' each in the optical paths of the corresponding modulated and phase affected 
signal field and idler field, propagating towards the coupler 108. As indicated 
above, the need for frequency filters depends on the type of OPO cavity 
configuration. 

25 The system 100B operates in the following manner. Each of the down 

converted light sources Si-S N is pumped to produce a signal-idler fields' pair. The 
signal components L s (1) -L ^ are spatially separated from the idler components 
L (D rL (N). -j^g signal components L s (1) -L s w (or idler components, or signal and 
idler pairs) pass through the modulators Mi-M N , and are thus amplitude modulated 

30 in accordance with respective data portions. The modulated signal components 
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L (i)^L(N) s then pass through the relative delay units Dj-Dn, respectively. 
Alternatively, the signal components (either modulated or not) may undergo phase 
effects by passing through units ©i-B^. 

Then, the modulated phase-affected signal components L s (1) -L and the 

5 unaffected idler components are combined together by the beam coupler 108 and 
directed to an optical network to be transmitted to receiver stations. It should be 
noted that, generally, the signal and idler fields of each pair may not be separated 
for the purposes of data modulation, and may both be modulated. Accordingly, in 
this specific example, where the encoding (phase affecting) is applied to the signal 

10 (or idler) components after the data modulation, the frequency separation may be 
applied to the modulated light propagating towards the phase affecting utility 104. 

Fig. 3C schematically illustrates an optical CDMA channel receiver system 
200 according to the invention, where decoding of the received light is carried out 
to extract one specific optical channel from all other channels arriving at this 

15 station, while allowing all the other channels to continue propagation towards a 
next station in the network. A complete demultiplexer will be composed 
accordingly of many such receiver systems in cascade. 

. The system 200 comprises an input frequency filter 209; an input phase 
affecting (e.g., relative delay) utility 204; an up converter (non-linear medium) 202; 

20 a frequency filter 207; and optionally, frequency filters 209' and 209", and a phase 
affecting (relative delay) utility 204'. The only data needed for decoding the 
specific channel includes the pump frequency and the phase effect (delay) value 
that has been used for encoding this specific channel. These two conditions can be 
once preset by a communication protocol and then used with no dependence on the 

25 key noise associated with the channel. 

The broadband idler portion L s (containing light components L^Vl^O and 
the broadband signal portion L s (containing light components jJ l \-L^ s \ arriving 
from the optical network, pass through the system 200. The input filter 209 (such as 
grating assisted coupler or dichroic beam splitter/combiner) thus receives incoming 

30 light and spatially separates between the signal and idler portions L s and Lj. The 
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input phase affecting utility 204 is accommodated at that output of the filter 209 
which is associated with the optical path of the idler portion Lj. The up converter 
202 is accommodated in both outputs of the filter 209 downstream of the utility 
204, and is thus in the optical paths of the signal fight portion and the phase- 
5 affected (delayed) idler portion. 

Generally, the phase effect at the input of the decoder system is aimed at 
restoring the phase relation of the down converted signal and idler fields, that has 
been destroyed at the encoder system. Hence, considering delay as a phase effect, 
the phase affecting utility 204 is accommodated so as to manipulate the phase of 

10 the down converted field that has not been phase affected at the encoder system. 
The relative delay utility 204 is preprogrammed to apply to light passing 
therethrough a unique delay value, which is the inverse delay of that applied while 
encoding this specific channel in the transmitting system. Thus, only one frequency 
component, e.g., Li (1) , in the delayed (phase-affected) idler has its delay-matching 

15 signal component, L s (1) , in the signal, and accordingly, the phase relation of only 
one channel is restored in the parametric up conversion at the original pump 
frequency, since only this pair of field components L s (1) - Li (1) meets the 
requirements of efficient up conversion. The frequency filter 207 (e.g., dichroic 
mirror) now separates the up converted light out of the entire output of the up 

20 converter 202 and directs it to a detector. 

When the up conversion intensity at the pump frequency is detected, this 
channel will be prominent above the noise (generated by other channels). Since 
each receiver system detects only one channel and all other channels just pass 
through without disturbance, it is reasonable (but not necessarily) that after 

25 enabling the detection of the specific (filtered) channel, the receiver system will 
reinsert the phase effect (delay) in order to leave the situation unchanged for all 
other channels. The remaining output of the up converter 202 thus passes through 
the frequency filter 209" that separates between the signal and idler portions. The 
remaining signal portion passes through the output delay utility 204' where it 

30 undergoes a relative delay equal to that previously applied to the idler portion by 
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the delay utility 204, and the signal and idler portions propagate towards a next 
station in the network- 
It should be understood that the provision of filter 209" and output phase 
affecting utility 204' is optional, and can be eliminated by specifically designing a 

5 communication protocol between encoder and decoders. For example, the protocol 
sets an order of the arrayed decoders, and thus each decoder, while applying a 
phase effect to incoming light, takes into account the entire phase effect the light 
has undergone at the preceding decoders. 

Comparing the transmitting system configurations of Figs. 3 A and 3B, it 

10 should be understood that the configuration of Fig. 3B would suffer from a higher 
noise level at the receiver side, due to the existence of multiple keys (idlers) in 
addition to multiple channels (phase-coded signals), and therefore can support a 
lower number of channels ( ) compared to the number of channels (N) 
supported by the configuration of Fig. 3A. However, the scheme of Fig. 3B is 

15 simpler in the following: every channel is self-contained and independent of mutual 
resources, and modulation can be performed via direct modulation of the 
narrowband pump instead of the broadband signal. Therefore, the multiple sources 
configuration may be considered when the number of channels is relatively low 
compared to the capacity of the system. 

20 Thus, according to the present invention, once broadband down conversion 

is achieved, the signal field is separated from the idler field by means of a spectral 
filter. The signal field is identified as the key and the idler field as the conjugate 
key. The key is inherently unknown. The conjugate key must somehow reach the 
data receiving side together with the data-carrying key in order to enable the 

25 extraction of the transmitted data. 

The above examples of Figs. 2A-2B and 3A-3C present one possible, 
probably most intuitive, configuration, where the transmitting side ('the talker" ) 
generates the key and the conjugate key, modulates one of them with data, and 
sends both of them to receiving side ("the listener")- The listener performs up- 

30 conversion and extracts the data. 
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Fig. 3D exemplifies another configuration, which is a bit similar to public 
key encryption. A transmitting system 100D (the talker) and a receiving system 
200B (the listener) are schematically illustrated. In this example, the key and the 
conjugate key are generated at the listener system 200D, and only one of these keys 
5 (signal) is sent to the talker system 100B. The listener system 200B includes a key 
generator (source) 102, a filter 109, a phase shaper (e.g., delay utility) 104, an up 
converted 202, another frequency filter 207, and a detector 212. The talker system 
100D includes a data modulator utility 106 associated with a data generating unit 
(not shown). 

10 At the listener system 200D, the source 102 generates signal and idler light 

fields L s and Lj (key and its conjugate), which are spatially separated by the filter 
109, and one of them (e.g., signal component L s ) is transmitted to the talker system 
200D, while the other Li is kqpt at the listener system to pass through the phase 
shaper 104 and thus obtain an appropriately delayed idler field L? j in order to enable 

15 extraction of data via up conversion. A distance between the data receiving and data 
transmitting systems can serve as a unique delay signature. The talker system 100D 
receives the key L s , modulates it (probably together with other noises that arrive 
with the data), and sends the data-modulated signal L% back to the listener system 
200D, where this modulated signal L% together with the other delayed key (idler) 

20 L'i undergo up-conversion and a resulting signal is detected. 

It should be noted that the present invention allows for using any type of 
modulation for data transmission, namely, not only amplitude modulation, but also 
frequency or phase modulation. In this connection, it should be understood that 
although minute frequency/phase shifts cannot be detected directly from the 

25 broadband incoherent key (signal), still, since the up conversion appears at the sum 
frequency with a phase that is a sum of the signal and idler phases, a small 
frequency/phase shift of the signal will cause the same frequency/phase shift of the 
narrowband coherent up converted field, which is easily detected. 

Fig. 3E illustrates in a self-explanatory manner an example of an optical 

30 CDMA multiplexer/demultiplexer system utilizing the principles of the technique 
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of Fig. 3D, where the key generation is carried out by the "listener". In the present 
example, the network contains a forward channel for all the €t public keys" (signals 
L (1) s and L, m s addressed to, respectively, Talker 1 and Talker 2), and a backward 
channel for returning data (data modulated signals L ar s and L^J. A user (listener), 

5 who wishes to receive data, generates his own keys L a) s and L a) j and sends his 
public key", L (1) s , into the forward channel of the network. The other user (Talker 
1), who wishes to communicate with that listener, splits a part from the forward 
channel to receive signal L (1) s , modulates it with data, and inputs the data 
modulated signal L (1) ' s into the backward channel. The talker may also add a 

10 spectral phase signature to identify this specific talker-listener connection. This is 
optionally, since the distance to that specific talker already serves as a unique delay 
signature.^ The listener will extract the data via up-conversion using his conjugate 
"private key 55 , L (1) b after appropriate delay and insertion of the opposite spectral 
phase. 

15 In the optical CDMA scheme, the number of simultaneous channels, each of 

bandwidth d that can be accommodated within a total bandwidth A is given by 

2sln\5) 

where s/n is the minimu m allowed signal to noise ratio, and the major noise source 
is assumed to be interference caused by other channels. This result is just a factor 

20 of 2 less than expected in an ideal asynchronous CDMA system, which is due to 
the fact that according to the CDMA scheme of the present invention the key has to 
be transmitted also. Hence, in this scheme the spectral efficiency can reach 
0.5/(s/ri). It is important to note that since the key is ideal (true white noise), this 
result is independent of practical constraints, such as lower/upper bounds on the 

25 single channel bit rate. 

Equation (1) reflects the relation of the noise level at the receiver of a single 
channel to the total number of simultaneous channels. Referring to Fig. 3F, graphs 
K x and R 2 translate this relation into bit error rate (BER) for, respectively, ON-OFF 
keying modulation (OOK) with incoherent detection and phase-shift keying (PSK) 
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with coherent detection. As evident from this figure, coherent PSK yields much 
better BER results compared to incoherent OOK. This is because coherent 
modulation is known to be preferable in many aspects (BER, power management, 
reduced non-linearities, etc.)- Albeit, coherent modulation is considered impractical 

5 in the optical domain because it requires a local oscillator at the receiver that is 
phase locked to the transmitting laser. With the GDMA approach of the present 
invention, a reference local oscillator can be easily sent from the transmitter to the 
receiver. Since all channels share the same down converted field and the same 
pump, the pump serves as a local oscillator for all the channels. The pump cannot 

10 be sent along with the data as is (mostly because of non-linearities), but if one 
channel is "sacrificed'* and not modulated with data, the up conversion field of that 
channel will be just a replica of the CW pump field, which can be used as a phase 
reference for all other channels. Thus, coherent detection can be performed at the 
price of one less data channel. Coherent modulation is made possible here due to 

15 the fact that all the channels are optically equal in the sense that all share the same 
pump (or up-conversion) and down converted fields. This fact can be used for 
performing other kinds of optical manipulations. For example, an optical switching 
scheme can be configured, where after demultiplexing (up-conversion with the 
appropriate delay for each channel) it is possible to re-multiplex the channels in a 

20 different order by down converting them again and rearranging their delays. 

In the optical CDMA scheme according to the invention, all channels are 
optically equal in the sense that all have the same pump (or up conversion) 
wavelength and the same down converted spectrum, so performing optical 
manipulations on the channels becomes easier. This feature can advantageously be 

25 used, for example, in an optical switching scheme, where after demultiplexing (up 
conversion with the appropriate phase effect for each channel), it is possible to re- 
multiplex the channels in a different order by down converting them again and 
rearranging their phase relations. Additionally, the optical CDMA scheme of the 
present invention is essentially immune to non-linear effects in fibers, such as 

30 Brillouin scattering, self phase modulation, cross phase modulation and four wave 
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mixing. Non-linear effects occur when the intensity in the fiber is high, and are thus 
generally minimized by broadband noise-like fields (as is the case for the signal and 
the idler), because a noise-like field minimizes the possibility for persisting 
constructive interferences. 

In order to understand the signal-idler correlation in parametric down 
conversion, the inventors utilized the theoretical treatment given in [2], Ch. 6, pp. 
67-85. The standard equations of three waves mixing describing the down 
conversion process, under the simplifying assumptions of a lossless medium and 
perfect phase matching, are: 
dA 

dz 



^ = -ixA;A p , (2) 

where A S9 At and A p are the slow varying amplitudes of the signal, idler and pump, 
respectively, and k is the non linear coupling, which is related to the non-linear 
coefficient d (MKS) as follows: 



"4 



A) *>J»fl>p (3) 

S 0 n s n t n p 



15 where is the refractive index of field x (x = s, i> p). 

For the purposes of the present invention, the phase correlations between the 
three amplitudes are of interest, so a transformation to polar coordinates can be 
used: 

dz oz F 

^L + iR ( ^j- = -ikR s R p exp[i(0 p -0 s -0 t )] (4) 

OZ OZ 

dR B d0„ 

-^ + i R l --JL = -ikR l R,tacp[i(0 p -6, -<?,)] 

20 where the expression A x =R x -exp(i0 x ) has been substituted for all three waves (x = 
s, i, p). 
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Now, the expression AO = 0 p - 9, - 6, is substituted into equations (4), and 
the real and imaginary parts are separated: 



~^- = kR ( R p sinA(9 



8R 

dz 

^- = kR s R„ sin. AO 
dz p 

dR p (5) 
— t = -IcR s R, sin A0 
dz s ' 

& R s R, R p 

Substituting the three upper equations (5) into the fourth one, and 

5 performing some simple algebraic manipulations, yields: 

1 . A a dA0 1 dR s 1 dR, 1 dR p 

— sinA^ = + -4- (6) 

cosA0 dz R s dz R i dz R p dz v J 

Equation (6) is equivalent to the following: 

-^Pn(cosA0)] - ^\)n(R s R t R p )] (7) 
the solution of which provides 
10 cosA0 = — S — (8) 

RsQRp 

where C 7 is an integration constant. Since the phase difference A0 is real, it is 
clear that the constant Cj is bound by the initial values of the field amplitudes 
R x [0], according to the following: 

O^C^RMRMRplO] (9) 
15 In most practical cases, at least one of the fields A S9 Ai and A p is initiated by 

spontaneous emission noise, so it is practically zero. Thus, as the field amplitudes 
grow, the denominator of equation (8) becomes much larger than the nominator, so 
the value of the constant C\ becomes irrelevant, and, for all practical purposes, we 
obtain cosA0 = O. Hence, the phases of the signal and the idler are correlated 
20 according to the following: 

+ (10) 
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If the pump phase is selected to be 6 P = tt/2, we have: 

(ID 

Consequently, the phase of an idler mode in an OPO cavity is inverse to that 
of the corresponding signal mode. The absolute value correlation between the 

5 signal and the idler fields can be understood from the fact that they are symmetric 
in equations (4). Thus, if the initial conditions are symmetric, then this symmetry 
will be preserved, so the complex amplitudes of a signal mode and the 
corresponding idler mode are conjugates of each other. 

Usually, both the signal and the idler are broadband and contain many 

10 frequencies. The reason is that phase matching, which is the limiting parameter to 
the maximal possible spectral width is seldom narrower than Inm and may in some 
cases extend over hundreds of nanometers. Thus, the signal and the idler fields 
usually contain many modes with no phase correlation among them, so their phases 
are random. This gives rise to continuous wave (CW) signal and idler fields, each 

15 with no spectral coherence among its modes. 

Considering the general process of sum frequency generation (parametric up 
conversion), the intensity R(co) of up converted light at frequency co is given by: 

Rico) oc | lda?A(fl> % )A(p> -fi>')| 2 (12) 

where A(co) is the slow varying amplitude of the field at frequency co. 

20 Here, all the pairs of amplitudes that sum up to the frequency co are added 

coherently. Generally, a spectrally incoherent broadband source will yield poor 
conversion efficiency, because the phases of the participating frequencies are 
uncorrelated (random), so the contributions of all the low frequency pairs, that sum 
up to a specific up conversion frequency, interfere almost totally destructively: 

25 However, when down converted light is used as input for the up conversion 

process, due to the phase relation between the signal and the idler fields, all the 
frequency pairs that sum up to the original pump frequency have the same phase, so 
all these pairs interfere constructively yielding an up converted intensity that is 
enhanced by several orders of magnitude compared to what is expected when no 
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10 



15 



20 



R{a>) 



OC 



\da>* 



exp[ifi (a? ! ) + i<f> {a> - eo ')] 



(14) 



25 



phase correlation exists. The enhancement depends on the actual spectral width of 
the signal and the idler. This enhancement can occur only when the signal field 
meets its "twin" idler field, so it extracts the data out of the noise only if the key 
matches (i.e., acts exactly as expected from the multiplication by the conjugate key 
in CDMA). 

Thus, considering up conversion applied to light generated by parametric 
down conversion, assuming that the spectral phases of the entire spectrum have 
been modulated by some general phase function c))(a»), we have: 

A(g>) = exp[il (*>)](4 H + 4 H) = ex Pfa* (*>)] (4 H + A K " ")) < 13 ) 
where A s {co) has a random phase and the fact that the signal and idler are complex 
conjugates is taken into account. Inserting equation (13) into equation (12) yields: 

4(^)4(a>-a>') + 
Afa-a^Afa-n+v')* 
4(<* , )4fo-fl>+* , ) + 

Equation (14) contains four terms in the integrand. Since the phase of A s (co) 
is assumed to be random, integration of the first two terms will result in a negligible 
contribution to R(co) 9 because of destructive interferences. The contribution of the 
last two terms can be very substantial when co= co p . Then, we obtain: 

R K ) °° | \ dG> ' K Of ex p[^ (« ') + # K - * Of (1 5 > 

- It is clear that the resulting up conversion intensity will depend critically on 
the characteristics of the phase function: it will be drastically reduced by phase 
functions that are symmetric around ay2, while it is insensitive to anti-symmetric 
phase functions. 

If there is a relative delay between the signal and idler fields a value above a 
certain threshold value, no up conversion of this signal-idler pair will occur. For a 
simple case of a relative delay x between the signal and the idler fields, which is 
equivalent to a linear phase function on half of the spectrum, we have: 
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*K)*|f' /2 ^H(^')f^ toir f (16) 

This result is equal to that obtained when up converting the sum of two 
equal transform limited pulses of the same spectral width and relative delay of r. 
When the relative delay exceeds the pulses temporal width (which is inversely 
5 proportional to the pulse spectral width), no up conversion will occur. Thus, the 
constructive interference can be destroyed, by applying a delay of the order of the 
coherence time of the signal field r = l/A*> (Aa> being the spectral width of the 
down converted light). 

As described above, the temporal resolution obtained by a parametric 
10 source is equal to that obtained by a transform limited pulse. Consequently, an 
OPO/OPA oscillating over the widest possible spectrum is desired in order to 
fully exploit this feature. A necessary condition for a broadband oscillation is 
phase matching over a broad wavelength range. 

It is generally known that when the signal and the idler are close to 
15 degeneracy (i.e. co t ~co s ~ CQp/2), the type I phase matching (where the signal and 
the idler have the same polarization) becomes broad. This is illustrated in the 
graph of Fig. 4A, which shows the phase mismatch ( Ak ■ k p - k 8 - *,) as a function 
of wavelength near the degeneracy point for a periodically polled KIP crystal 
pumped at 532nm. As evident, to first order in wavelength, the phase matching 
20 condition for wavelengths close to that point is the same. A spectral width of tens 
of nanometers around 1064nm for a crystal length of 1cm can thus be expected. 

Much broader phase matching is possible if the pump is tuned so that the 
degeneracy point (at the wavelength of A=2A /? =4^c/g) p ) coincides with the point of 
zero dispersion of the crystal. At the zero dispersion point, the second derivative 
25 of the index of refraction with respect to the wavelength vanishes, so the index of 
refraction is predominantly linear in wavelength. When the index of refraction is 
linear, any two complementary wavelengths are phase matched. Higher orders of 
dispersion will limit the phase matching bandwidth, but only to the fourth order 
in wavelength, since odd orders of dispersion do not affect phase matching. Thus, 
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with zero dispersion, ultra broad phase matching can be obtained, of up to 
hundreds of nanometers. This is illustrated in Fig- 4B showing phase mismatch as 
a function of wavelength around the degeneracy point, for the zero dispersion 
ultra broadband case, for a BBO crystal pumped at 728nm. 

The OPO may be configured and operated such that the signal and idler 
fields are either co-linear (in which case, the broad phase matching occurs around 
the degeneracy point), or non co-linear, in which case an additional degree of 
freedom, such as an angle between the pump beam and the signal beam can be used 
to provide the broad phase matching at a convenient pump wavelength. 

For the purposes of the present invention, namely designing the complete 
optical CDMA scheme, a signal/idler generating source is to be of the kind emitting 
broadband spectrally correlated light. Here, the term "spectrally correlated" 
signifies sources that have no first order coherence (i.e., the phase of each 
frequency is unknown, yielding light that essentially resembles white noise), but 
still possess phase correlations between pairs of frequencies. Phase correlations 
between frequencies occur in many processes in which more than one photon is 
emitted, such as second or higher order non-linear interactions and two photon 
emission. Sources based on second order non-linearities (%2 effects), also known as 
three waves mixing or parametric down conversion, as well as sources based on 
other known mechanisms, can be used for generating the two broadband conjugate 
fields. The manipulation of the peculiar coherence properties of such light sources 
enables their employment in the optical CDMA. 

The above processes can be described by the Feynman diagrams shown in 
Fig. 5A (three wave mixing) and Fig. 5B (four wave mixing). The three wave 
mixing process can be interpreted quantum mechanically as the conversion of one 
high energy pump photon into two low energy signal and idler photons. Since there 
are many possible signal-idler pairs, their energy is undefined. The four waves 
mixing can be interpreted as the conversion of two pump photons into two 
broadband signal and idler photons. Generally, any process in which n pump 
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photons are converted into two photons can be considered as the basis for the 
optical CDMA scheme according to the invention. 

When considering a source for broadband down converted light, high 
conversion efficiency and low threshold are important factors. As indicated above, 
5 since the efficiency of down conversion in one pass through a non-linear medium is 
generally veiy low, it is preferable to perform this process inside a resonant cavity 
(OPO). This cavity can be either singly or doubly resonant (resonates only one or 
both of the down converted fields). Yet, when a resonant cavity is used, mode 
competition will narrow the bandwidth dramatically, so a special design of the 

10 cavity is necessary in order to suppress mode competition. When coming to attack 
this problem, one should bear in mind that the winning mode of oscillation in a 
cavity is not necessarily the one with the highest gain, but the one with the highest 
gain — loss difference. Thus, if the cavity includes a loss mechanism that affects 
narrowband oscillations but does not harm broadband oscillations, the latter will 

1 5 become the winning mode. 

The present invention provides for suppressing mode competition in the 
OPO cavity by introducing an up conversion loss into the OPO cavity. Since up 
conversion can be reduced dramatically by dispersion or relative delay, provided 
the oscillation is broadband, the introduction of the up conversion loss serves as the 

20 selective loss mechanism that suppresses mode competition. The up converted 
spectrum can be controlled by shaping the spectral phases of the down converted 
light by simple means, such as delay and dispersion, or by more complex means, 
such as spatial light modulation or those used in shaping ultrashort pulses [23]. 

Several OPO configurations can be considered for this purpose as illustrated 

25 in Figs. 6A-6B, 7A-7C and 8. The configuration may be collinear / non-collinear, 
doubly / singly resonant, including one / two non linear media, configured as a 
linear/ ring cavity. The simplest configuration is that of a linear doubly resonant 
cavity configuration with one non-linear medium shown in Fig. 6A. The inventors 
have analyzed the performance of this configuration in detail. Analysis of other 

30 configurations can be performed similarly. Gain in an OPO exists only when the 
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down converted light propagates forward through the medium (in the direction of 
the pump). During backward propagation, only the generation of a backward 
propagating up conversion can occur. This up conversion is usually a major loss 
mechanism that limits the performance of an OPO. For example, due to this loss, 
5 the conversion efficiency of a linear doubly resonant OPO cannot exceed 50%. 

Figs. 6A and 6B schematically illustrate two examples of the OPO source 
configuration according to the present invention, suitable for use in a CDMA 
transmitter system for carrying out the down conversion process. The OPO source 
300A of Fig. 6A comprises a non-linear optical medium (crystal) 310A inserted 

10 into an optical cavity composed of two mirrors 311A and 311B; and a phase shaper 
arrangement formed by two phase shaping units (e.g., delay/dispersions units) 312 
and 314 at opposite sides of the medium 310 - the inverse relative delay/dispersion 
unit 312 accommodated upstream of the medium 3 10 A with respect to the direction 
of propagation of a pump light signal Lpump through the cavity 300A, and the 

15 variable relative delay/dispersion unit 314 accommodated downstream of the 
medium 310A. Here, the up conversion loss is avoided for broadband oscillations 
by passing signal and idler light components L s and Li, resulted from the 
conversion of pump light Lpump by the medium 310A, through the variable relative 
delay/dispersion unit 314 that introduces a small relative delay/dispersion between 

20 the signal and idler components. In order to prevent effect of this relative 
delay/dispersion onto the down conversion process during forward propagation, the 
phase relations is restored on the other side of the medium 310A by providing the 
inverse delay/dispersion unit 312. Since the delay required is inversely proportional 
to the oscillation bandwidth, it is possible to optimize the introduced delay to 

25 reduce the up conversion loss only for broad oscillations, while narrowband 
oscillations will still suffer from up conversion loss. Thus, in such a cavity, a 
broadband oscillation can become the winning mode. 

In the source configuration 300B of Fig. 6B, in distinction to that of Fig. 
6A, a non-linear medium is constituted by two identical non-linear crystals 310A 

30 and 310B, the crystal 310A being a pumped crystal and serving as a main oscillator, 
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and the other crystal 310B being an unpumped crystal and serving for suppressing 
mode competition. After a pump beam L P ump traverses the main oscillator crystal 
310A, the beam is removed from the cavity (by reflection from an additional 
mirror), and then a phase shaping is applied to down converted signal and idler 

5 fields L s and Lj by passing them through a phase shaper unit 311A that introduces 
some relative delay (or dispersion) between the signal and the idler fields. The 
signal and idler then enter the second crystal 310B, in which up conversion back to 
the pump may occur. This up conversion will introduce loss to the oscillating signal 
and idler. As previously mentioned, up conversion of broadband oscillation is very 

10 sensitive to relative delay between the signal and the idler. Thus, if this delay is 
correctly controlled, broadband oscillations will hardly be affected by the second 
crystal 310B, while narrow oscillations will be diminished by up conversion. To 
enable the down conversion process during forward propagation, the phase relation 
is restored by the inverse delay/dispersion unit 311B that introduce an inverse 

15 relative delay/dispersion. 

In the above examples, co-linear, doubly resonant configurations are used. It 
should, however, be understood that the principles of the present invention, 
consisting of suppressing mode competition in an OPO cavity by introducing an up 
conversion loss into the cavity, can easily be implemented with a non-collinear 

20 and/or single-resonant OPO cavity configuration. 

Figs. 7A and 7B schematically illustrate two more examples of the source 
for broadband spectrally correlated light according to the invention. In the example 
of Fig. 7 A, the source arrangement 500 includes a single non-collinear crystal 510 
between two mirrors 511A and 511B; and a phase shaper arrangement formed by 

25 first and second double-sided mirrors 512 and 514. By moving at least one of the 
double-sided mirrors, a relative delay between the signal and idler is introduced in 
the backward propagation and automatically removed in the forward propagation. 
Pump light L pump passes through the crystal 510 and is converted into signal and 
idler fields L s and Lj that are spatially separated from each other. In the example of 

30 Fig. 7B, the OPO arrangement 600 utilizes two spaced-apart collinear crystals 
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610A and 610B accommodated between two mirrors 6 11 A and 611B, wherein the 
crystal 610A is pumped and crystal 610B is unpumped, and includes a phase shaper 
arrangement in the form of positive- and negative-delay units 612 and 614 at 
opposite input/output sides of the crystal 610B. The light propagation through the 

5 OPO arrangements 500 and 600 is shown in a self-explanatory manner. 

The ring cavity configuration of Fig. 7B can be implemented in a fiber. This 
is schematically illustrated in Fig. 7C showing a source arrangement 700, in which 
two non-linear crystals 710A and 710B are located in a spaced-apart relationship 
and coupled to each other via two optical fiber segments Fi and F 2 forming a ring 

10 cavity. The fiber segments F x and F 2 are designed to apply, respectively, positive 
and negative dispersion to light passing therethrough. The crystal 710A is pumped 
to emit down converted fields, and pumping light L pump may then be removed from 
the cavity by placing a Bragg reflector onto the fiver core as a respective region. 

Some other possible implementation of the light source arrangement 

15 according to the invention are shown in Figs. 7D and 7E. These examples present 
singly-resonant, non-collinear configurations. 

In the example of Fig. 7D, a source arrangement 700 comprises a resonant 
cavity formed by a non-collinear crystal (non-linear medium) 710 between two 
mirrors 711A and 711B, and comprises an additional mirror 711C and a phase 

20 shaper arrangement formed by two phase shaper units 712 and 714, all located 
outside the cavity. As shown a pump light beam L pump is directed through the 
crystal 710 and thus emits signal and idler fields L s and Li propagating along 
intersecting axes. Signal field L s is reflected from the mirror 711A to propagate 
back to the crystal 710. Idler field Lj passes through the phase shaper unit 712, 

25 being thus phase-shifted with respect to the signal field, and is reflected from the 
mirror 711C to propagate back to the crystal 710. The phase relation of the signal 
and idler fields is restored at the other side of the crystal by passing the idler 
through the inverse phase shaper unit 714. 

A source arrangement 800 shown in Fig. 7E includes a resonant cavity 

30 formed by two crystals 810A and 810B between mirrors 811A and 811B, and 
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includes a mirror 811C and two phase shaper units 812 and 814, The non-collinear 
crystal 810A is pumped by a light beam L pump and the so-emitted signal and idler 
fields Ls and Lj propagate towards, respectively, mirror SUA and 811C, and thus 
reflected towards crystals 810A and S10B. Idler field, while propagating to the 
5 crystal S10B, passes through the phase shaper unit 812, and thus up conversion of 
signal and idler fields in the crystal 810B is avoided. Idler field, after emerging 
from the crystal 810B, passes through the inverse phase shaper 814, and thus a 
phase relation between the output signal and idler fields is restored. 

A periodically polled KTP can be selected as the non-linear medium, mainly 

10 due to its high non-linear constant and commercial availability and also due to the 
fact that phase matching can easily be controlled in this crystal by small 
temperature changes (a few degrees Celsius). The phase shaping units may be 
appropriately designed glass plates, optical fibers, spatial light modulators. 

The source may also comprise a mechanism of the kind capable of actively 

15 changing the optical length of the cavity. This is associated with the fact that 
broadband down conversion occurs in the OPO cavity, only when the pump laser 
frequency coincides with a mode of the OPO cavity. With the conventional OPOs 
(where there is no need for broadband output), the OPO output modes are 
unequally spaced due to uncompensated dispersion of elements in the cavity, and as 

20 a result at any pump frequency, at least one pair of signal and idler components 
always exists. However, the OPO configuration of the present invention requires as 
many as possible signal/idler pairs, namely, almost zero total dispersion, and 
consequently equally spaced output modes. Accordingly, the spectral arrangements 
of the cavity modes should be such that the pump frequency falls on that of a mode 

25 of the cavity. To this end, either the pump is to be appropriately tuned or the optical 
length of the OPO cavity is to be locked to match the pump frequency. The 
feedback input for this cavity lock can be the output beam intensity. For example, 
an intra-cavity electro-optic modulator (EOM) can be used for this purpose, due to 
its ability to compensate for a large bandwidth of noise. 
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Fig. 8 exemplifies a detailed layout of the OPO cavity configuration 400 of 
the present invention, utilizing dispersion as the mechanism for controlling the 
phase relations inside the cavity, due to the fact that both positive and negative 
dispersion with low loss can be obtained by the use of prism pairs in a symmetric 

5 Brewster angle configuration. The set up 400 comprises a gain medium (non-linear 
crystal) 410; EOM unit 411; mirrors 416A and 416B; a highly reflective element 
417; tunable negative dispersion elements (prisms) Pi, P 2 ; tunable positive 
dispersion prisms P 3 , P 4 and an output beam coupler 418. Prisms P 5 ,P 6 are used to 
rearrange the output beam to be identical to the undispersed beam inside the cavity. 

10 This configuration provides for obtaining about 50nm bandwidth of oscillation 
around 1064nm. 

The above source configurations provide for controlling the amount of 
reduced loss. Hence, almost doubling of the efficiency of the OPO for broadband 
oscillations is provided, compared to an OPO without mode competition 
15 suppression. 

The inventors have performed detailed theoretical and experimental analysis 
showing the feasibility of a low threshold high efficiency broadband OPO. The 
dependence of the conversion efficiency on the bandwidth of oscillation for the 
OPO configuration of Fig. 6A (assuming steady state operation) have been 
20 analyzed, based on the analysis of the threshold pump intensity and conversion 
efficiency for the case of monochromatic signal and idler, presented in [2], Ch. 9, 
pp. 117-140. More specifically, a similar analysis for a broadband signal and idler 
with the mode competition suppression scheme of Fig. 6Ahas been carried out. 

Assuming that the depletion of the pump is low, the pump amplitude A+[l], 
25 after passing through the non-linear medium of length /, is as follows: 

Vra = V[°]- ft KW + K -*Ma> (17) 
wherein As + (g)) is the forward propagating component of the signal field at 
frequency co ( denoting forward propagation), >4;[o] is the pump amplitude 
entering the medium, and the assumption is made that the non-linear coupling 
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constant k is independent of frequency which is a reasonable assumption for 
frequencies close to the degeneracy point. 

Similarly, the back propagating up conversion amplitude is: 

When the reflectively of the output coupler is the same for both the signal 
and the idler, the cavity conditions are symmetric for both. Under these conditions, 
the forward propagating idler field is a complex conjugate of the signal field, while 
the backward propagating idler has an additional phase that results from the relative 
delay r in the cavity: 

A~ (a> p - a) = (A~ (co)) * expptOT] 

When other phase control mechanisms are used, such as dispersion, 
equation (19) is to be modified accordingly (without affecting the analysis). 
Incorporating equation (19) into equations (17) and (18), yields: 

^/[0] = /* J|^"(fi>)| 2 exp[io)T]dco (21) 

If the gain in the cavity is not very high, the signal and idler field can be 
approximated at any frequency to be a standing wave of constant intensity 

|4. + H-|4."H 

and the superscript +/- sign can therefore be dropped. 
Defining the function F(z) as 



F(r) ss j\A s (cotf exp[io>T]d<D (22) 
we obtain: 

A/[l] = A/M-IkF(0) (23) 

A p -[0] = IkF(r) (24) 
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15 



which is what is obtainable for the conventional doubly resonant OPO 
configuration. 

It should be noted that F(0) = J|4 (o?)| 2 da> is proportional to the number 

of signal photons in the cavity, which is equal to the number of down converted 
photon pairs. 

An energy conservation equation can now be written, based on that in 
steady state the number of photons per second lost from the pump is equal to the 
number of signal-idler photon pairs leaving the cavity per second: 

KN 2 -K + w| 2 -K[o]r=^(o) (25) 

where T is the loss in the cavity, which is equal to the output coupler transmission 
in an ideal cavity. 

Substituting equations (23) and (24) into equation (25), and performing 
some algebraic manipulations, yields: 

TF(0) _ 1 



|4 MT 



1 + 



F(r) 

m 



2T 



kia;[o] *yj4[of _ 



(26) 



The left hand side of equation (26) can be identified as the conversion 
efficiency 77, since it is just the number of down converted signal-idler photon pairs 
leaving the cavity per second divided by the number of incident pump photons per 
second. Since the perfect phase matching is assumed, the pump field can be taken 
as real, and recalling the expression for the threshold pump intensity [2, 3] 



20 |4>-,/,| 2 = T% A 2,2 > the equation (26) can be written as follows: 



77 = 



HJ8TL 



4[°] 



(27) 



Defining N^/ = A+ ^°V 

/ *tli / A p-lh 



as the ratio between the actual pump 



intensity (I p ) and the threshold pump intensity (/#)» yields: 
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(28) 



It should be noted that in the absence of relative delay (r = 0), equation (28) 
becomes: 



5 The above is the conventional result obtained with the double-resonant OPO with 
no mode competition suppression. 

To determine the effect of adding relative delay in the cavity, the following 
considerations have been made. From equation (28), for two oscillations that have 
the same threshold (the same N) 9 the dominant oscillation will be that of smaller 

10 F(z) for any pumping power (for any AO- The temporal width of F(r) is inversely 
proportional to the spectral width of the oscillation, so the broader oscillation will 
dominate. Comparing the two limiting possibilities of a very narrow oscillation 
(where F(r) is essentially independent of r) and a very broad oscillation (where 
F(z) tends to zero for r larger than the coherence time of the signal field), provides 

15 that the improvement in conversion efficiency approaches a factor of two, which is 
a considerable improvement. 

In practice, it is expected that a broad oscillation will have a higher 
threshold. Thus, when the pump power is low, narrow oscillations will dominate. 
But, as the pump power increases high above the threshold, the situation becomes 

20 more and more favorable for the broader oscillations. 

Fig. 9 illustrates calculated conversion efficiency as a function of N 
(N=I/It h ) for a very narrow oscillation (graph Gi), ideal broadband oscillation 
(graph G 2 ) and practical broadband oscillation (graph G 3 ). The intensity I A is taken 
to be the minimum threshold intensity among all possible oscillations. For very 

25 broadband oscillations, where z can be tuned so FQv) is negligible, the conversion 
efficiency can approach 100% around N = 4, which is most desirable for many 
applications. It is thus evident that, in order to obtain broadband oscillations, it is 
desirable that the threshold for broad oscillations will be equal to the minimum 




(29) 
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threshold of the narrowband oscillation. In other words, since broadband 
oscillation can be decomposed into many signal-idler frequency pairs, it is desired 
that all these pairs will have the same threshold, i.e. the threshold intensity will be 
independent of wavelength. 

5 The above requirement can be met to a high degree. This is illustrated in 

Figs. 10A-10B showing a calculation of threshold pump intensity as function 
of signal wavelength, for the two cases of broad phase matching - for a 1cm long 
PPKTP crystal with 2% loss in the cavity pumped by 532nm in a broad phase 
matching configuration (Fig. 10A), and for a 1.4cm long BBO crystal with 1% loss 

10 in the cavity pumped by 728nm in a zero dispersion ultra broad phase matching 
configuration (Fig. 10B). It is evident that the threshold intensity is constant up to 
15% over the entire phase matching bandwidth. 

The above considerations demonstrate the need for and feasibility of the 
novel OPO configuration according to the invention. Generally, the light source of 

15 the present invention, due to its unique spectral and temporal characteristics, can be 
used in various applications, for example in non-linear microscopy and 
tomography where about 1 micron spatial resolution of ultra short pulses can be 
obtained at low CW intensities, avoiding the damaging peak intensities of pulses, 
or optical communications especially in the optical CDMA as the key generation 

20 source. The key encoding/decoding scheme of the present invention provides for 
its use in the optical CDMA multiplexer/demultiplexer. 

Those skilled in the art will readily appreciate that various modifications 
and changes can be applied to the embodiments of the invention as hereinbefore 
exemplified without departing from its scope defined in and by the appended 

25 claims. 



